Abstract Oil palm biomass, namely empty fruit bunch and frond fiber, were pretreated using a planetary ball mill. Particle sizes and crystallinity index values of the oil palm biomass were significantly reduced with extended ball mill processing time. The treatment efficiency was evaluated by the generation of glucose, xylose, and total sugar conversion yields from the pretreatment process compared to the amount of sugars from raw materials. Glucose and xylose contents were determined using high-performance liquid chromatography. An increasing trend in glucose and xylose yield as well as total sugar conversion yield was observed with decreasing particle size and crystallinity index. Oil palm frond fiber exhibited the best material yields using ball milling pretreatment with generated glucose, xylose, and total sugar conversion yields of 87.0, 81.6, and 85.4 %, respectively. In contrast, oil palm empty fruit bunch afforded glucose and xylose of 70.0 and 82.3 %, respectively. The results obtained in this study showed that ball mill-treated oil palm biomass is a suitable pretreatment method for high conversion of glucose and xylose.
Compositional Analysis of Oil Palm Biomass
The oil palm biomass samples were ground using a Pulverisette 15 cutting mill (Fritsch, Germany) to a particle size of 0.25 mm and dried in vacuo at 40°C prior to use. The oil palm biomass components were determined using a method recommended by Sluiter et al. [15] .
Ball Milling Pretreatment
The ball milling (BM) pretreatment was performed according to the method reported by Silva et al. [16] . Raw materials (2-mm particle size, dried in vacuo at 40°C) were treated using the Pulverisette 5 planetary ball mill (Fritsch, Germany). The sample (20 g ) was milled at 250 rpm in a 500-mL milling cup with 25 spheres (ψ=20 mm). Milling was carried out for a total time of 3-120 min (with a cycle of 10-min run and 10-min pause) at room temperature. The milling time chosen was dependent on the types of biomass applied. All experiments were performed in duplicate. The BM time indicated in this study refers to the actual milling time, excluding the paused time. Samples were stored in vacuo at room temperature prior to enzymatic saccharification.
Enzymatic Hydrolysis
Enzymatic hydrolysis was performed using an enzyme cocktail comprising 40 FPU/mL Acremonium cellulase (Meiji Seika Co, Japan) and 10 % OPTIMASH BG (Genencor International, CA, USA). In a standard assay, 2.5 mL of 1.0 M acetate buffer (pH 5.0), 0.75 mL (10 FPU/g substrate) of Acremonium cellulase, and 0.6 mL of 10 % OPTIMASH BG were added to 3 g of BM samples (dry weight) in a 65-mL tube with cap (NEG, Japan). The mixtures were diluted with distilled water to a total volume of 50 mL. Enzymatic hydrolysis was performed at 50°C for 72 h with stirring; these hydrolysis reactions were performed in triplicate. The enzymatic digestibility was expressed by the obtained sugars (mg sugars/g materials) or sugar yield as calculated using Eq. (1): Sugar yield % ð Þ ¼ ½weight of monomeric sugars after enzymatic hydrolysis= weight of potential total monomeric sugars after hydrolysis using H 2 SO 4 Â 100
Wide-Angle X-ray Diffraction
Wide-angle X-ray diffraction (WAXD) patterns were obtained using a Rigaku RINT-TTR III X-ray diffractometer (Tokyo, Japan) equipped with nickel-filtered Cu Kα radiation (λ= 0.1542 nm) at 50 kV and 300 mA. The disk pellets were prepared by compacting ovendried samples at 2-t pressures using a KBr disk apparatus. The diffractograms were obtained in the range 2θ=2−60°at a scan rate of 2°/min. The crystallinity index (CrI) was calculated using Eq. (2) based on the method of Segal et al. [17] :
where I 002 is the intensity at about 2θ=22.5°and I am is the intensity at 2θ=18.7°.
Scanning Electron Microscopy Analysis
The unmilled and BM-treated lignocellulosic biomass samples (OPEFB and OPFF) were sputtered with Pt-Pd for 100 s (ion sputter; Hitachi, Japan). The coated samples were examined by field emission scanning electron microscopy (FE-SEM; S-3400 N, Hitachi, Japan) at 1 kV.
Particle Size Analysis
The sample particle size distributions and mean values were determined using a LA-920 HORIBA laser scattering particle size distribution analyzer. The particle size was calculated based on the average value of the particle's geometrical lengths measured from the different orientations of incident scattering light.
High-Performance Liquid Chromatography Analysis
Detection of sugars before and after enzymatic hydrolysis was performed using highperformance liquid chromatography (HPLC) equipped with a refractive index detector (RID-10A, Shimadzu, Japan) using an Aminex HPX-87P column (7.8×30 cm I.D., BioRad, USA) with a Carbo-P micro-guard cartridge. The column oven was set at 80°C, and samples were eluted at 0.60 mL/min with water. Acetic acid, furfural, 5-hydroxymethylfurfural (5-HMF), and other chemical compounds were analyzed as reported earlier [18] .
Results and Discussion

Chemical Compositions of Oil Palm Biomass
Chemical compositions of untreated oil palm biomass are shown in Table 1 . The cellulose, hemicellulose, and lignin contents of OPEFB and OPFF found in this study varied among the biomass types. The major component found in OPEFB and OPFF was cellulose followed by hemicelluloses and lignin. The results obtained were expected, as diverse compositions of cellulose, hemicellulose, and lignin are present in different plant tissues. Furthermore, the ratios between various constituents within a single plant vary among the stages of growth, age, and other conditions [19] . Because different compositions of hemicellulose and lignin were measured, it is crucial that appropriate methods are used to break down the strong bonds in the cellulose-hemicellulose-lignin matrix to make it more accessible and amenable to enzymatic hydrolysis by cellulase. The effects of mechanical activation by BM pretreatment of oil palm biomass were next studied and are discussed in a later section.
Effect of BM on Size Reduction
The main purpose of this work was to carry out a preliminary study of BM pretreatment of oil palm biomass over an appropriate milling period to reduce the particle size of lignocellulosic biomass, thus enhancing its enzymatic digestibility and biosugar production. After BM treatment over an appropriate period, a significant reduction in oil palm biomass particle size could be clearly distinguished compared to its original size (<2 mm), as shown in Table 2 . The two oil palm biomass types responded differently over the examined milling times to produce a fine powder. OPEFB was ball milled from 0-120 min, achieving a size reduction of about 61.1 % when milled for 40 min; the highest reduction in size was obtained (88.9 %) for a BM treatment time of 120 min. OPFF exhibited a significant size reduction over a milling time as short as 3 min, with 71.1 % size reduction obtained; size reduction was further improved when BM time was extended to 10-60 min with a reduction of 89.9-92.6 %.
To add weight on our finding, SEM images illustrating changes in surface morphology of unmilled raw materials (OPEFB and OPFF) and BM-treated oil palm biomass over varying BM processing times, as shown in Fig. 1 . Rigid surfaces and intact particles were clearly seen from unmilled biomass samples (OPEFB and OPFF), as shown in Fig. 1a , d, indicating a strong cellulose-hemicellulose-lignin network. After BM treatment for a certain time, the morphologies of BM-treated OPEFB and OPFF were obviously changed, suggesting destruction of the lignin seal between the cellulose-hemicellulose matrixes. The sizes of the particles decreased sharply; this increased the specific surface area by destroying lignocellulose microfibrils and provided greater access to enzymatic reaction. The effect of BM treatment on other organic residues has been previously discussed and yielded a reduction in particle size and increase in specific surface area that has increased the rate of enzymatic hydrolysis. After milling for 60 min, rice straw consisting of particle sizes less than 30 μm yielded glucose amounts 3.8 times higher than unmilled materials (500 μm-2 mm) [20] . Khullar and coworkers [21] showed that without any pretreatment, Miscanthus ground to a particle size of 56 μm yielded a glucose recovery double that compared to larger particles (695 μm). Thus, this study indicates that a reduction in particle size provides larger surface areas of BM-treated OPEFB and OPFF samples. There have been diverging reports regarding correlation between direct and indirect conversion of lignocellulose into glucose from solely particle size reduction [22] . Besides reduction of particle size, greater enzymatic hydrolysis efficiency could be achieved by increasing pore size and volume by removing a larger percentage of hemicellulose and lignin [22, 23] .
Effect of BM on Crystallinity
A reduction in cellulose crystallinity is necessary in order to maximize the conversion of glucose since the presence of high crystallinity is one of the limiting factors in the enzymatic hydrolysis of cellulose [24] . The effects of BM on the CrI of oil palm biomass are shown in Table 2 , and WAXD patterns are shown in Fig. 2 . The WAXD diffractograms had low intensity peaks at 2θ=18.7°and 22.3°that contributed to the crystallinity of cellulose. Reductions in CrI values were clearly seen for OPEFB and OPFF samples, where CrI values were lowest (9.3 and 4.5 %) when the materials were ball milled for 120 and 60 min, respectively. In general, the WAXD spectra and CrI values confirmed the disruption of the crystalline structure because of the increased milling time. The decrease in peak intensity of (I 002 ) at 2θ=22.3°accompanied by a broadening of the diffraction peak indicated a decrease in crystalline phase and crystallite size. 2 Wide-angle X-ray diffraction profiles of a ball milled OPEFB and b ball milled OPFF, at various milling time. UM unmilled biomass (<2 mm) BM ball milling structure, and the increase of amorphization during BM pretreatment [14, 24] . Kim and coworkers [9] have reported that planetary milling was more effective at reducing CrI than attrition milling, down to 19.5 % from unmilled rice straw (48 %) after a 2-h milling process. Our findings are in agreement with other studies [16, 20] , which reported that BM samples exhibit greatly reduced cellulose CrI values, thus granting greater access to enzyme digestion.
Effect of BM on Glucose, Xylose, and Total Conversion Yield Table 3 shows the by-products generation, yield of glucose and xylose from BM-treated oil palm biomass at varying milling times. It was observed that low production of acetic acid was recorded from BM-treated OPEFB samples at milling time 30-60 min with concentration 1.3-2.0 mg/g substrate, respectively. The generation of acetic acid was probably due to deactylation process that took place from hemicellulose degradation [4, 5] , and the values obtained from this study were far below from inhibitory level. There was no acetic acid generation recorded from OPFF samples. Other inhibitory compounds such as furfural and 5-HMF were not recorded from this experiment indicating BM as suitable method for pretreatment of OPEFB and OPFF. To support our hypothesis, BM-treated oil palm biomass samples were subjected for enzymatic hydrolysis. From the results obtained, OPFF required the shortest milling time (60 min), followed by OPEFB (120 min), with glucose yields 80.3 and 67.5 %, respectively. Meanwhile, the highest yield of xylose was obtained from OPEFB (80.1 %), followed by OPFF (78.6 %). Total conversion yield of sugars from OPEFB and Ball milled treated oil palm biomass (6 %) was hydrolyzed with Acremonium cellulase at 10 FPU/g substrate, incubated for 72 h at 50°C. Values presented herewith are mean of triplicate samples a Untreated and ball milled treated samples (3 g) were suspended in 45 ml of distilled water prior buffer and enzymes addition. The by-products produced were determined by HPLC b Glucose and xylose were determined by HPLC "-" not detected OPFF were 71.9, and 79.8 %, respectively. Both OPEFB and OPFF exhibited suitable lignocellulosic biomass to be treated with the BM process. It is worth mentioning that BMtreated OPEFB and OPFF yielded 4-fold of glucose and 4-16-fold of xylose, respectively, compared to untreated oil palm biomass. Furthermore, there was no other functional group that generated via BM treatment, and the co-substrates produced were suitable for ethanol production since the availability of microorganism to convert pentose to ethanol [25] . Our findings are comparable in terms of glucose, xylose, and total conversion yields with those reported by Hideno et al. [20] , who reported that BM treatment of rice straw for 60 min successfully provided glucose, xylose, and total sugar conversions in yields of around 89.4, 54.3, and 78.0 %, respectively. Sugarcane bagasse and straw showed similar monosaccharide sugar yields, with total conversion yields of 82 and 74 %, respectively [16] . Recently, OPEFB was pretreated in an environmentally friendly way using steam treatment. An improvement was observed with an increase in temperature, residence time, and reaction pressure in the steam chamber, with total conversion and glucose yields of about 30-37 and 66.3 %, respectively [10, 11, 26] . OPFF, on the other hand, showed high glucose recovery (83.7 %) when treated with hot compressed water at a liquid-solid ratio of 8.0 with a severity factor of 3.31 [12] . Since no reports exist on the oil palm biomass treated by the BM method, our findings show that BM is a promising and efficient glucose/xylose recovery method for OPEFB and OPFF and is comparable with other methods mentioned above. Figure 3 shows that the treated OPEFB (BM treatment for 120 min) and OPFF (BM treatment for 60 min) materials were hydrolyzed at different Acremonium cellulase loadings to observe the effect on monomeric sugars and total conversion yields. The enzymatic digestibility of pretreated OPEFB and OPFF exhibited an increasing trend with higher cellulase loadings. At cellulase loadings of 2-30 FPU/g substrate, glucose, xylose, and total conversion yields for OPEFB were determined to be in the ranges 54.0-62.4, 64.2-78.7, and 57.5-68.1 %, respectively. Meanwhile, at cellulase loadings of 2-40 FPU/g substrate, glucose, xylose, and total conversion yields for OPFF were in the ranges 64.1-80.3, 67.1-84.2, and 65.0-81.5 %, respectively. In this study, further increase in cellulase loading from 20 to 30 FPU/g substrate gave small increment in xylose, glucose, and total sugars yield from BM-treated OPEFB samples. Meanwhile, no significant improvement in enzymatic digestibility obtained from BM-treated OPFF samples when supplied with 20-40 FPU/g substrates. This might be due to the efficient reduction in particle size and crystallinity of cellulose by BM treatment and was in agreement with the findings reported earlier [20, 27] . A higher cellulase loading (85.32 FPU/g substrate) was reported to achieve 37.76 % hydrolysis for OPEFB treated by high-pressure steam at 210°C [11] . Jung and coworkers [28] reported that enzymatic digestibility of OPFF treated with a 7 % ammonia solution was 41.4 % at a 60 FPU/g glucan loading; this low enzymatic digestibility obtained was due to the low degree of delignification of the treated OPFF samples. Another report showed that a greater reduction in hemicellulose (90 %) and lignin content (70 %) from acid-alkali pretreated OPEFB improved enzymatic digestibility up to 83.9 % at cellulase loadings of 50 FPU/g substrate [29] . The digestibility of cellulose was improved because removal of hemicellulose and lignin alters and increases the accessible surface area for enzymatic absorption, thus increasing enzymatic hydrolysis [22, 23, 29] . By removing hemicellulose and lignin in the polymer matrix, lower cellulase loadings could be applied, thus reducing the total ethanol production cost. Our present studies showed that higher xylose and glucose recovery were obtained from BM-treated OPEFB and OPFF samples with lower cellulase loadings (10 FPU/g substrate). 
Effect of Cellulase Loadings
Milling Energy and Integrated System
Pulverization is a process requiring high energy consumption, which results in significant feedstock cost implications [22] . In this study, the BM pretreatment of OPFF and OPEFB was calculated to require 234 and 468 MJ, respectively, per kilogram of biomass. This value was much higher compared to rice straw as previously reported [9, 20] probably due to low loading of biomass, different size, and specification of ball mill applied. Nevertheless, energy requirements for the BM process could be reduced by expanding to pilot/industrial scales, where higher loadings of biomass and continuous processes could be implemented [9] . The problem of higher energy demands for the milling process could be solved by integration of the comminution process in the oil palm industry, as the mills produce enough energy for their own use. Surplus energy is generated from methane captured from anaerobic digestion of palm oil mill effluent (POME) under the Clean Development Mechanism (CDM). A study on the economic viability of integrated biogas energy and compost production for sustainable palm oil mill management was reported [2] , suggesting that integrated technology is a more attractive solution compared to a situation where the palm oil mill implements either biogas energy or compost technology individually. They also found that even without implementing CDM, the integrated technology is still economically viable, which can be a good solution for sustainable palm oil industry management in the near future.
Conclusions
OPFF and OPEFB were successfully pretreated using planetary BM with significant reduction in particle sizes and cellulose crystallinity. At 30 and 40 FPU/g substrate cellulase loadings, OPEFB and OPFF showed high recovery of glucose (62.4 and 78.69 %) and xylose (80.35 and (84.23 %) production, respectively, suggesting that BM effectively increased surface area for enhancing enzymatic hydrolysis. Further investigation is necessary with regard to the efficient recovery of sugars while enhancing energy efficiency, cost efficacy, and addressing environmental implications.
